for Clr-b downregulation. Interestingly, reporter cell assays suggest that MCMV may encode a novel Clr-b-independent immunoevasin that functionally engages the NKR-P1B receptor. Together, these data suggest that Clr-b modulation is a conserved innate host cell response to virus infection that is subverted by multiple CMV immune evasion strategies.
Modulation of Clr Ligand Expression and NKR-P1 Receptor Function during Murine Cytomegalovirus Infection
Natural killer (NK) cells are innate cytotoxic lymphocytes capable of recognizing pathological target cells via multiple germline-encoded receptor-ligand interactions. They can detect and eliminate cancerous, virus-infected, transplanted, antibody-opsonized and 'stressed' cells [1] . Their effector function is tightly regulated by receptorligand interactions, inhibitory or stimulatory in nature, which are collectively integrated to enable target cell recognition [1, 2] . These interactions follow the tenets of 'missing-self' and 'induced-self' recognition [3] , respectively, which allow NK cells to be self-tolerant yet responsive to 'altered-self' pathologies and 'non-self' foreign entities [2] . Initially, missing-self recognition was shown to genital defects. NK cells play a pivotal role in responding to and controlling acute CMV infections, and, as such, considerable coevolution at this host-pathogen interface has led to reciprocal strategies to maintain balance [18] . In fact, numerous CMV-encoded immunoevasin genes are known to modulate NK cell receptor-ligand interactions and effector function. Mouse CMV (MCMV) encodes stealth proteins (m138, m145, m152 and m155) that prevent induced-self maturation of NKG2D ligands (Mult1, Rae-1 and H60), cloaking ligands (m04 and m06) that regulate MHC-I recognition by T and NK cells, at least one MHC-like decoy ligand (m157) that is directly recognized by host NK cell receptors (inhibitory Ly49I and stimulatory Ly49H), and presumably others (e.g. m144) [19] [20] [21] [22] [23] [24] . In addition, the English isolate of rat CMV (RCMV-E) encodes an immunoevasin, RCTL, that targets the rat NKR-P1B:Clr-11 axis during host-pathogen interactions in vivo [16, 25] .
Here, we demonstrate that there is striking evolutionary conservation in the host cell response to pathogeninduced regulation of Clr/ Clec2d expression. Both mouse Clr-b (Clec2d) and rat Clr-11 (Clec2d11) are acutely modulated at the transcript and protein levels in response to reciprocal cross-species MCMV or RCMV infection of rat or mouse host cells, respectively. Downregulation of Clr-b requires live virus infection, as it does not occur using whole inactivated virus or simple agonists of innate pattern recognition receptor (PRR) pathways. Moreover, loss of cell surface Clr-b can be partially blocked by inhibition of nascent protein synthesis and the ubiquitin (Ub)-proteasome degradation pathway, but not using inhibitors of late viral replication. We also provide evidence of a novel Clr-b-independent immunoevasin capable of engaging the mouse NKR-P1B receptor upon MCMV infection of fibroblasts in vitro.
Materials and Methods
Cells NIH3T3 fibroblast and J774A.1 monocyte-like cells were obtained from the American Type Culture Collection (ATCC). Wildtype C57BL/6 (WT B6) mouse embryonic fibroblasts (MEFs) were obtained from T.W. Mak (University of Toronto, Canada). Cells were cultured in complete DMEM-HG, supplemented with 2 m M glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 50 μg/ml gentamicin, 110 μg/ml sodium pyruvate, 50 μ M 2-mercaptoethanol, 10 m M HEPES and 10-20% FCS.
described [26] . Wild-type RCMV-E and a ΔRCTL-mutant have been previously described [16] . Viruses were passaged on MEF or rat embryonic fibroblast (REF) monolayers. Plaque assays were used to determine viral titers as described [27] , without centrifugation during infection. For in vitro infections, fibroblasts were seeded to subconfluent monolayers, virus was added [multiplicity of infection (MOI) ∼ 0.5 PFU/cell], then cells were centrifuged at 800 g for 30 min at 37 ° C (effective MOI ∼ 10 PFU/cell with centrifugation) and incubated at 37 ° C, 5% CO 2 for the indicated times.
RNA Isolation, cDNA Synthesis and qRT-PCR
Total RNA was isolated using a mirVana RNA isolation kit (LifeTechnologies), and reverse transcription reactions were carried out using Superscript III cDNA synthesis kits (LifeTechnologies). Quantitative real-time RT-PCR was performed on a CFX-96 real-time PCR detection System (BioRad) using 20-50 ng of cDNA, Sso-Fast EvaGreen Supermix (BioRad) and gene-specific primers designed using Primer-Blast (www.ncbi.nlm.nih.gov/ tools/primer-blast), selected to span at least one intron and possess minimal reactivity with other genes ( Clec2d /Clr-b: 5 ′ -AGC TCC TCA GCT CTG AGA TGT GTG, 5 ′ -AGG GGA GAT GGT TCC GTG CCT TT; Tbp : 5 ′ -AGA GCC ACG GAC AAC TGC GTT G, 5 ′ -CTG GGA AGC CCA ACT TCT GCA C). Data were analyzed using CFX Manager software (BioRad).
Flow Cytometry
Cells were stained in flow buffer (HBSS, 0.5% BSA and 0.03% NaN 3 ) on ice with primary monoclonal antibodies (mAb) for 25-30 min, or secondary streptavidin conjugates for 15-20 min, washed between incubations and then analyzed using a FACSCalibur flow cytometer (BD Biosciences). Cells were gated by FSC/ SSC, and propidium iodide exclusion for viability. Data were analyzed using FlowJo software (Treestar). Biotinylated 4A6 mAb (mClr-b; rat IgMκ) and R3A8 mAb (rClr-11, RCMV-E RCTL; mouse IgMκ) were described previously [12, 28] . Biotin-conjugated mAb specific for H-2K b D b (28-8-6, mouse IgG2aκ), H-2D q L q (KH117, mouse IgG2aκ) were purchased from BD Pharmingen, purified mouse pan-Rae-1 mAb (186107, rat IgG2a) was purchased from R&D Systems, CD71 mAb (RI7 217.1.4) was purchased from eBioscience, SA-APC was purchased from LifeTechnologies and all other mAb and secondary reagents were purchased from BD Biosciences, e-Bioscience or LifeTechnologies. HT29 mAb was developed in the laboratory of Dr. K. Wonigeit (Hannover Medical School). Briefly, intraperitoneal alloimmunization was performed using NKC-congenic LEW donor (Clr-11 LEW ) splenocytes into LEW.TO-NKC recipient rats (Clr-11 TO ); hybridoma supernatants were screened by indirect immunofluorescence and flow cytometry for expression on LEW-strain IL-2 lymphokine-activated killer (NK-LAK) cells, but not LEW.TO-NKC NK-LAK cells and 293 cells transfected with Clr-11 LEW but not Clr-11 TO .
BWZ Reporter Cell Assays
BWZ.CD3ζ/NKR-P1B B6/129 reporter cells were generated as described [28, 29] . Stimulator cells (mock-or MCMV-infected fibroblasts) were cultured in flat, 96-well plates in 3-fold dilutions, reporter cells (5 × 10 4 /well) were then added and cocultures were incubated overnight at 37 ° C. Purified blocking antibody was added at 10 μg/ml. Control reporter cells were stimulated with 10 ng/ ml PMA plus 0.5 μ M ionomycin. Cells were washed, resuspended in 100 μl of 1X CPRG buffer (90 mg/l chlorophenol-red-β-Dgalactopyranoside (Roche), 9 m M MgCl 2 , 0.1% NP-40, in PBS), incubated at room temperature, and then analyzed using a Varioskan microplate reader (Thermo Scientific), using OD 595-655 .
Agonists, Inhibitors and Cytokines
Various Toll-like receptor (TLR), Nod-like receptor (NLR) and RIG-I-like receptor (RLR) agonists were obtained from Invivogen (San Diego, Calif., USA). Additional NLR agonists were provided by Dr. D.J. Philpott (University of Toronto, Canada). 3 ′ ,5 ′ -c-di-AMP was purchased from Invivogen and 2 ′ ,5-3,5 ′ -cGAMP was purchased from Biolog (Bremen, Germany). Actinomycin D (ActD), cycloheximide (CHX), phosphonoacetic acid (PAA), cytosine arabinoside (AraC), adenosine monophosphate (AMP), adenosine diphosphate (ADP), adenosine triphosphate (ATP) and nigericin were purchased from Sigma-Aldrich (St. Louis, Mo., USA). All reagents were dissolved in DMSO, water, serum-free DMEM or PBS according to the manufacturer's directions. Cells were treated for 24 h with reagents or solvent controls in parallel.
Statistical Analysis
Data were analyzed using GraphPad Prism 5, employing either a paired Student's two-tailed t test, or one-way or two-way ANOVA, with Bonferroni's correction, where applicable (see figure legends). All graphs show mean values ± SEM; * p < 0.05, * * p < 0.01, * * * p < 0.001. All data are representative of at least 3 independent experiments.
Results

MCMV Infection Promotes Cell-Intrinsic mClr-b Downregulation in vitro
We have previously shown that RCMV-E infection of REFs results in a rapid loss of the rat Clr-b homolog, rClec2d11 (rClr-11), by 24 h postinfection (h.p.i.) [16] . To extend these observations to MCMV infection of mouse fibroblasts, we infected mouse NIH3T3 fibroblasts with purified MCMV-Smith virus (MOI of 0.5 PFU/cell by plaque assay; effective MOI ∼ 10 with centrifugal enhancement) and assessed Clr-b cell surface expression. mClr-b was temporally regulated during MCMV infection, with a pronounced loss by 6-24 h.p.i. ( fig. 1 a, b) . However, the use of WT MCMV could not discern whether mClr-b downregulation was a direct or an indirect consequence of virus infection at the single cell level.
Consequently, we repeated NIH3T3 infections using a recombinant MCMV-GFP virus that ectopically expresses enhanced GFP driven by an immediate-early (IE) gene promoter [26] . The MCMV-GFP was generated previously by homologous integration of EGFP under the control of a native MCMV ie1/3 gene promoter into MCMVSmith , between the ie1/3 and ie2 genes, and proximal to the native ie1/3 enhancer elements. It does not appear to exhibit any differences in growth kinetics in cell culture in vitro or in infected salivary glands in vivo [26] . MCMV-GFP infections distinguished infected (GFP-positive, GFP + ) from uninfected (GFP-negative, GFP -) cells as early as 3 h.p.i., with prominent mClr-b loss ensuing by 6-24 h.p.i. ( fig. 1 c, d ). In parallel, we examined cell surface expression of MHC-I ligands for the Ly49 receptors (H-2 q ) and Rae-1 ligands for the NKG2D receptor . Similar to mClr-b, MHC-I and Rae-1 levels were also reduced by 6-24 h.p.i., likely due to the action of several known MCMV-encoded immunoevasins (e.g. m04, m06, m138, m145, m152 and m155) [18, [21] [22] [23] [24] 30] . As a control, MCMV-GFP infection had no effect on cell surface levels of the transferrin receptor (CD71, online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/ doi/10.1159/000382032). Impor tantly, the restricted loss of mClr-b on infected (GFP + ) cells suggests that this response occurs by an MCMV infection-dependent cell-intrinsic mechanism.
Notably, experiments using MCMV culture supernatants revealed a pronounced upregulation of Clr-b surface expression on uninfected (GFP -) 'bystander' cells, likely mediated by soluble factors such as interferons (C.L.K., in preparation); however, this bystander mClr-b upregulation was not observed using purified virus, which only promoted infection-dependent mClr-b downregulation ( fig. 1 c, d ). In addition, similar losses of mClrb expression on the infected GFP + but not the uninfected GFP -subsets were also observed for several cell types, including primary WT B6 MEFs and adult ear fibroblasts (AEFs), S17 bone marrow stromal cells, J774 and RAW264.7 monocyte/macrophage cells and fetal ILClike MNK-3 cells (data not shown; see below).
It has previously been shown that RCMV-E infection of rat fibroblasts results in a loss of rClr-11 at both the transcript and cell surface protein levels [16] . Similarly, quantitative real-time RT-PCR analysis of MCMV-infected mouse NIH3T3 fibroblasts revealed that mClr-b surface protein downregulation was mirrored by a timedependent loss of mClr-b (Clec2d) transcripts by 6-24 h.p.i. (normalized to Tbp ; fig. 1 e) . Interestingly, similar losses were observed for other mouse mClr family members, including mClr-a/c/f/g ( Clec2e/f/h/i ; data not shown). Titration of MCMV infections using 2-fold MOI dilutions demonstrated that mClr-b loss correlated with viral dosage and was restricted to infected GFP + cells ( fig. 1 f) . Collectively, these results indicate that MCMV promotes an infection-dependent cell-intrinsic loss of mClr-b (Clec2d) at the transcript and cell surface protein levels.
MCMV-Mediated mClr-b Downregulation Is Partially Blocked by Translational Inhibition
Since mClr-b downregulation was triggered early in the MCMV replication cycle and only in infected cells, we next assessed the contribution of de novo gene expression to mClr-b downregulation. To this end, we repeated MCMV infections in the presence of transcriptional, translational and viral replication inhibitors. It is important to note that some of these inhibitors can also prevent host gene expression and/or induce cellular stress responses, resulting in mClr-b downregulation in the absence of infection. In addition, cell surface Clr-b exhibits fast turnover kinetics, with a half-life of about 3 h (online suppl. fig. 2 ). Thus, we titrated these chemicals where possible to minimize the extent of mClr-b downregulation by chemical treatment alone, and then tested their ability to block MCMV-mediated mClr-b downregulation.
UV-inactivated MCMV failed to promote mClr-b downregulation on NIH3T3 cells ( fig. 2 a, b) . As expected, MHC-I and Rae-1 levels did not change using UV-inactivated MCMV [31] , suggesting that active or productive viral infection are required for MCMV-mediated loss of mClr-b, MHC-I and Rae-1 ligands. In contrast, inhibition of transcription and expression of IE (α) genes using ActD resulted in a substantial loss of basal mClr-b surface expression (even on mock-infected and uninfected GFP -cells; fig. 2 c, d ). This implies either that mClr-b undergoes rapid turnover in the absence of nascent transcripts (blocked by ActD; online suppl. fig. 2 ) or that ActD may also promote stress-mediated mClr-b downregulation [14, 15] . Thus, we attempted to titrate ActD levels to achieve only partial Clr-b loss, while maintaining partial inhibition of IE genes; however, such an optimal dose was not possible, making inferences on IE gene blockade inconclusive (online suppl. fig. 3 ). MCMV early (β) gene expression can be inhibited using the translational inhibitor, CHX. Notably, pretreatment of NIH3T3 cells with a low dose of CHX alone caused some basal mClr-b loss on uninfected cells (compare mock DMSO vs. CHX; fig. 2 c, d ; online suppl. fig. 2 ). Interestingly, however, CHX treatment rendered the expression profiles of infected (GFP + ) versus uninfected (GFP -) cells nearly indistinguishable, suggesting that CHX was sufficient to prevent MCMV infection-mediated loss of mClr-b. Notably, higher CHX doses blocked mClr-b expression on uninfected cells, similar to ActD treatment (online suppl. fig. 3 ). Similarly, MHC-I and Rae-1 downregulation, mediated by known early viral immunoevasin genes, was also blocked by CHX treatment. Nonetheless, CHX is capable of inhibiting the translation of both viral IE and host gene products; thus, IE to early viral proteins and/or de novo cellular protein synthesis appear to be involved in regulating mClr-b expression during infection.
Late (γ) viral gene expression is enhanced by viral genome replication, and can be blocked by viral DNA polymerase inhibitors like PAA or AraC. However, viral replication appeared to be dispensable for the MCMVmediated downregulation of mClr-b, MHC-I and Rae-1 ligands ( fig. 2c, d ). Collectively, these results suggest that MCMV-mediated Clr-b downregulation requires IE to early events in active MCMV infection, but not late events nor viral genome replication per se.
We next tested the effects of the proteasomal inhibitor, MG132, on MCMV infection-mediated Clr-b loss, as we previously showed that inhibition of the Ub-proteasome degradation pathway could prevent genotoxic stressmediated Clr-b downregulation [14, 15] . MG132 was effective at blocking MCMV-mediated Clr-b loss, albeit incompletely even at high doses (online suppl. fig. 4 ). However, MG132 also affects numerous Ub-dependent cellular processes apart from proteasomal degradation, including autophagy and Ub-dependent signaling pathways. These results suggest that the Ub-proteasomal degradation pathway may be partially responsible for Clr-b loss induced by MCMV infection, perhaps by accelerating Clr-b turnover.
RCMV-E-Mediated Clr-11 Loss and RCTL Induction Are Blocked by CHX Treatment
Using new reagents and cell lines, we conducted a closer examination of the requirements for RCMV-E-mediated rClr-11 downregulation and RCTL immunoevasin expression in the rat system. First, we repeated RCMV-E infections using both REFs ( fig. 3 ) [16] and primary rat AEFs (online suppl. fig. 5 ). Since R3A8 antibody is dualspecific (cross-reactive for both the RCTL decoy and host rClr-11) [16, 28] , we infected REFs using either WT RCMV-E (RCMV WT) or an RCTL-deficient virus (RCMV ΔRCTL) in order to distinguish rClr-11 from RCTL. Interestingly, infections using UV-inactivated RCMV viruses appeared to slightly increase R3A8 staining on REFs ( fig. 3 a, b) , which may have been due to weak host rClr-11 induction in the absence of active infection, or perhaps weak cross reactivity with another unidentified host rClr family member. Nonetheless, RCMV WT infection of REFs results in an increase in R3A8 staining (due to RCTL), versus mock-treated control cells (rClr-11 alone; fig. 3 c, d ). In contrast, ΔRCTL-mutant infection of REFs promotes a loss of R3A8 staining (rClr-11 alone) versus mock-treated control cells (rClr-11 alone). Taken together, RCTL appears to replace host Clr-11 during RCMV infection. Similar data were observed for rClr-11 hi rat AEFs (online suppl. fig. 5B ); however, R3A8 staining decreases here due to a much larger loss of rClr-11 not fully compensated by RCTL upregulation. Second, we used a novel rClr-11 mAb, HT29, in parallel with R3A8 mAb. Importantly, HT29 mAb does not cross-react with RCTL, yet possesses robust reactivity with rClr-11; this allowed us to observe loss of rClr-11 in isolation upon infection of REFs and AEFs using RCMV WT (online suppl. fig. 5A/B) .
Next, the effects of inhibitors were examined. Similar to the results in mouse NIH3T3 cells, ActD treatments alone resulted in a substantial infection-independent loss of basal rClr-11 from the cell surface of rat AEFs and REFs, albeit incomplete (compare mock DMSO and ActD; fig. 3 c, d ; online suppl. fig. 5A/B) . However, this titrated ActD concentration failed to prevent expression of the rctl gene product (RCMV WT vs. ΔRCTL-mutant). Nor did ActD prevent infection-mediated downregulation of host rClr-11 (mock vs. ΔRCTL-mutant). This RCMV-mediated induction of viral RCTL and loss of host rClr-11 were also confirmed using HT29 versus R3A8 mAb (see ActD; online suppl. fig. 5B ). Notably, as seen in the mouse system, higher ActD doses were required to block RCTL induction upon RCMV-E infection, and these doses completely blocked basal rClr-11 expression on uninfected cells, precluding usage of an optimal ActD dose (online suppl. fig. 6 ).
Again, similar to the mouse system, treatment with a titrated CHX dose resulted in decreased basal rClr-11 cell surface expression (mock DMSO vs. CHX; fig. 3 c, d ; fig. 5A /B). More importantly, however, CHX rendered the R3A8 expression profiles of the two infected populations indistinguishable (RCMV WT vs. ΔRCTL-mutant) and blocked infection-mediated loss of host rClr-11 visualized using both R3A8 and HT29 mAb (mock vs. RCMV). These data suggest that CHX is sufficient to prevent both infection-mediated loss of rClr-11 as well as RCTL induction, and are in agreement with previous data suggesting that rctl is an early gene [16] . Notably, similar to UV-inactivated RCMV ( fig. 3 a, b) , the subtle increase in R3A8 staining observed upon RCMV infection in the presence of CHX treatment (using both RCMV WT and ΔRCTL-mutant; fig. 3 c, d ) may result from weak rClr-11 induction in the absence of productive infection (in the presence of CHX) or perhaps weak cross reactivity with another unidentified host rClr family member; however, this was not observed using another rClr-11 mAb, HT29 (online suppl. fig. 5A/B) . Of note, treatments with PAA or AraC were insufficient to prevent rClr-11 downregulation or RCTL induction.
Collectively, these results demonstrate that only translational inhibition using CHX abrogates RCMV-mediated host rClr-11 downregulation, at the same time preventing RCTL immunoevasin induction. Thus, host rClr-11 downregulation is a phenomenon induced by active RCMV infection and is countered by the rctl gene product.
Cross-Species CMV Infection Promotes Host mClr-b and rClr-11 Downregulation
The similar results obtained using MCMV infection of mouse fibroblasts and RCMV infection of rat fibroblasts prompted us to investigate whether host mClr-b/rClr-11 downregulation was a conserved cellular response to infection or whether virus-specific (and potentially hostadapted) immunoevasins were involved. Using crossspecies infections, host mClr-b expression can also be monitored without RCTL cross reactivity (using 4A6 mAb), while RCTL expression can be monitored without rClr-11 cross reactivity (using R3A8 mAb). We thus infected mouse NIH3T3 cells with MCMV or RCMV-E and measured cell surface expression of mClr-b, MHC-I and Rae-1 ( fig. 4 a, b) . Strikingly, mClr-b downregulation was observed using MCMV or RCMV viruses ( ∼ 15-fold reduction); interestingly, however, mClr-b loss was consistently more robust using cross-species RCMV infection. In contrast, MHC-I molecules showed a smaller <2-fold reduction upon cross-species RCMV infection versus a >4-fold reduction using MCMV infection. Rae-1 downregulation was similar using MCMV or RCMV infection ( ∼ 6-fold reduction). To monitor the RCTL immunoevasin in isolation, we also stained infected mouse NIH3T3 cells using the rat-specific R3A8 mAb; as expected, RCTL was only detected using RCMV WT virus. Notably, no cross contamination of the viruses could be detected (data not shown), and RCMV itself is noncytopathic in NIH3T3 cells, although it can induce cytomegaly.
To reciprocate these observations, we infected REFs with RCMV-E or MCMV viruses and measured cell surface expression of rClr-11 (±RCTL) using R3A8 mAb ( fig. 5 a, b) . Interestingly, cross-species MCMV infection of REFs also promoted rClr-11 downregulation ( ∼ 4-fold); however, as observed for mClr-b using mouse fibroblasts, rClr-11 loss was slightly more robust using RCMV-E virus (ΔRCTL-mutant) versus cross-species MCMV viruses. Upon further investigation using MCMV-GFP, the infected (GFP + ) REFs were observed to downregulate rClr-11 (R3A8) expression, whereas uninfected (GFP -) REFs did not ( fig. 5 c, d ). Similar findings were also observed using Clr-11 hi primary rat AEFs (data not shown). These data suggest that host Clr (mClr-b/ rClr-11) downregulation is a conserved cellular response to CMV infection, and that RCTL is an RCMV-E-specific immunoevasin.
Modulation of mClr-b by PRR Agonists
Both viral and bacterial infections lead to the detection of numerous pathogen-/danger-associated molecular patterns (PAMP/DAMP) via host PRRs; such PAMP include both extracellular moieties and intracellular (vesicular or cytosolic) metabolites. Thus, we sought to determine whether CMV-mediated mClr-b downregulation could be recapitulated in isolation upon cellular exposure to defined PAMP or, alternatively, if Clr-b loss may require active viral infection. Since whole UV-inactivated CMV is insufficient to promote mClr-b loss, and viral replication is dispensable, while the expression of IE to early viral genes and/or host protein translation are required, it is likely that intermediates of virus infection, perhaps signaling metabolites, nucleic acids or unidentified viral gene products, may be required to mimic CMV infection. To this end, we treated cell lines with a panel of known PRR agonists targeting various innate sensing pathways.
Initially, mouse fibroblast cell lines (NIH3T3) were treated with various PRR agonists targeting TLRs 1-9, NLRs or cytosolic nucleic acid receptors including RLRs or AIM2-like receptors ( fig. 6 a, b) . However, no significant mClr-b downregulation comparable to MCMV infection was observed upon treatment of fibroblasts using these PRR agonists, including intracellular double-stranded RNA (polyI:C) and double-stranded immunostimulatory DNA (dsB-DNA). However, upon investigation of the known inducers of the Nlrp3 inflammasome, extracellular ATP was the sole metabolite that autonomously downregulated mClr-b on all cell lines, while nigericin (a K + ionophore) was effective for some cell lines, and inflammasome activation by alum salts was inconclusive. We also tested cyclic dinucleotides (c-di-AMP and c-GAMP), recently shown to serve as bacterial PAMP or second messengers of host cytosolic dsDNA sensing (via cGAS [32] [33] [34] and the mitochondrial STING sensor), but failed to observe any changes in mClr-b expression (data not shown). In addition, we repeated the above treatments using J774 macrophages (as a hematopoietic immune cell lineage); however, ATP and nigericin treatments were less robust at inducing mClr-b downregulation on these cells ( fig. 6 c, d) . Moreover, cytosolic nucleic acids actually promoted mClr-b upregulation on many cells, and numerous PRR agonists induced mClr-b on J774 cells. Collectively, these results suggest that single PRR engagement in isolation is not sufficient to mimic MCMV-mediated mClr-b downregulation; however, the role of ATP in promoting mClr-b loss is intriguing (see below).
To further investigate the role of PRR in MCMVmediated mClr-b downregulation, we obtained mutant ; poly(I:C) 100 ng/ml; lipopolysaccharide (LPS) 1 μg/ml; flagellin 1 μg/ml; synthetic FSL-1 diac ylated lipoprotein (FSL-1) 1 μg/ml; single-stranded RNA complexed with LyoVec (ssRNA/LyoVec) 100 ng/ml; E. coli bacterial DNA (bacDNA) 1 μg/ml; mTRI-DAP muramyl tripeptide (mTRI) 1 μg/ml; acylated iE-DAP dipeptide (C12) 1 μg/ml; muramyl dipeptide with a C18 fatty acid chain (L18) 1 μg/ml; H. pylori proteoglycan (HPPG) 10 μg/ml; ATP 25 m M ; aluminum potassium sulphate (Alum) 10 μg/ml, nigericin (50 μ M ), poly(I:C) complexed with LyoVec liposomes [poly(I:C)/Lyo] 100 ng/ml; dsB-DNA complexed with LyoVec liposomes (dsB-DNA/Lyo) 100 ng/ml and MCMV-GFP virus. The labels represent agonist treatments (left side) and the PRR targets of the agonists (right side). Graphs show mean ± SEM. Experiments were analyzed using one-way ANOVA with Bonferroni's post hoc analysis. * p < 0.05, * * p < 0.01, * * * p < 0.001. All data are representative of at least 3 independent experiments. dancy may also be possible. Interestingly, the MCMVdependent loss of mClr-b on inflammasome mutants (Asc ) suggests that the autonomous action of ATP in promoting mClr-b loss may occur via a distinct mechanism other than inflammasome activation or strict PRR signaling. In other experiments, transduction of NIH3T3 cells using lentiviral shRNA vectors to knockdown Dai/Zbp-1 or Sting expression failed to prevent mClr-b downregulation upon MCMV-GFP infection (data not shown). Together, these results remain inconclusive, but suggest that there may be redundancy in innate mechanisms that trigger CMV infection-mediated mClr-b downregulation.
The observation that extracellular ATP induced a potential inflammasome-independent Clr-b loss on a number of cell lines prompted further investigation. To extend this finding, we treated NIH3T3 cells with ATP, ADP or AMP at various concentrations. Interestingly, Clr-b downregulation was observed above ∼ 5 m M ATP, while ADP and AMP were even more effective at lower doses; notably, the ADP effects were also bimodal, such that Clr-b loss could be titrated out at either low or high doses (online suppl. fig. 8 ). It should be noted that ATP treatment failed to promote loss of Clr-b nascent transcripts (data not shown), suggesting a mechanism distinct from MCMV infection.
MCMV Infection Downregulates mClr-b but Induces a Clr-b-Independent NKR-P1B Ligand
To assess the functional consequences of MCMV-mediated mClr-b loss on NKR-P1B receptor recognition, we utilized BWZ reporter cell assays [28, 29] . Briefly, BWZ.36 cells possess a LacZ gene under the control of tandem NFAT enhancer elements, such that TCR-like signals delivered via NKR-P1/CD3ζ-fusion receptors induce β-galactosidase expression, which in turn can be detected spectrophotometrically using a colorimetric substrate, CPRG. Both mAb-dependent and cellular ligand-dependent signals can be measured semiquantitatively using this assay. Here, BWZ.36 reporter cells bearing a CD3ζ/ NKR-P1B chimeric fusion receptor (BWZ.P1B cells) were used to interrogate NKR-P1B-dependent ligand function when incubated with MCMV-infected cells. As previously shown, coculture of BWZ.P1B reporter cells with titrated doses of NIH3T3 stimulator cells yielded a strong NKR-P1B-dependent response, in comparison to parental BWZ.36 (BWZ-) cells lacking the NKR-P1B receptor ( fig. 7 a) . Upon MCMV infection of NIH3T3 stimulator cells, the signal observed for BWZ.P1B reporter cells was greatly diminished, as expected, due to MCMVmediated mClr-b downregulation ( fig. 7 b) . To confirm that the response of uninfected NIH3T3 cells was mClr-b specific, we utilized blocking mClr-b (4A6) mAb to abrogate the NKR-P1B:Clr-b interaction ( fig. 7 c) . Interestingly, however, 4A6 mAb failed to block residual NKR-P1B-dependent stimulation of MCMV-infected NIH3T3 cells ( fig. 7 d) .
In parallel, we tested whether MCMV infection could induce stimulation of BWZ reporter cells bearing other CD3ζ/NKR-P1-family receptors; however, no signal was observed using reporter cells bearing NKR-P1A, NKR-P1C, NKR-P1F or NKR-P1G chimeric receptors (data not shown). These results suggest that MCMV may encode an immunoevasin that interacts with the mouse NKR-P1B receptor, similar in function to RCTL encoded by RCMV-E.
Discussion
Previous work has demonstrated that rat Clr-11 transcripts and cell surface expression are rapidly lost in response to RCMV-E infection, yet RCTL functionally replaces rClr-11 as an NKR-P1B ligand [16] . In agreement with this, similar findings were reported for mClr-b in a mouse model of orthopoxvirus (VV, ECTV) infection [15] . Here, we provide evidence for a conserved mechanistic response for both mClr-b and rClr-11 in response to cross-species CMV infection. Studies initiated using MCMV-Smith virus to infect mouse and rat fibroblasts revealed a striking loss of mClr-b, similar to the rClr-11 downregulation observed in REFs using RCMV-E infection. Further investigation using MCMV-GFP virus revealed that only infected cells (GFP + ), and not uninfected 'bystander' cells (GFP -), downregulate mClr-b/rClr-11 cell surface expression at the single cell level. This effect was observed as early as 6 h.p.i., a time point that represents an early event in the course of CMV infection. Since new infectious MCMV virions are usually produced within 16-24 h.p.i., and given that AraC and PAA treatments used to block late CMV gene expression had no effect on mClr-b downregulation, viral replication appears to be dispensable for mClr-b loss. In addition, attempts to investigate a role for IE expression were inconclusive, as ActD treatments alone abrogated host mClr-b/ rClr-11 expression on uninfected cells.
However, observations using CHX as well as UV-inactivated whole CMV virions suggest that interference with expression of IE to early viral genes and/or host genes during MCMV infection is sufficient to prevent mClr-b loss, yet active viral infection is necessary to promote mClr-b downregulation. These findings demonstrate a pivotal role of IE to early gene CMV infection events in the initiation of the cellular 'missing-self' Clr-b response. Notably, we have observed a similar response using other viruses in vitro, including RNA viruses (data not shown); thus, loss of inhibitory Clr is a conserved response to infection by many types of viruses (and cellular pathologies, including genotoxic stress and oncogenic transformation) [14] [15] [16] . Since both RCMV and MCMV appear to have evolved functional surrogate ligands for NKR-P1B, immunoevasins that counteract the infection-mediated loss of mClr-b/rClr-11, the 'missing-self' phenomenon observed may be a host response; however, we cannot rule out a complex role for necessary viral genes in eliciting host Clr downregulation. On this point, we have attempted here to expand current understanding of the host intracellular innate immune response during CMV infection. We hypothesized that PRR engagement, e.g. via TLR, NLR or cytosolic nucleic acid sensors, might mimic the innate immune response to MCMV infection, evident by the observed phe- notype of mClr-b downregulation. However, studies using single PRR agonists in isolation and MCMV-GFP infection studies using mutant fibroblasts suggest that simple PRR engagement may not be sufficient. These findings are perhaps not entirely surprising, since engagement of some PRR in isolation may be detrimental to the host immune response, in that uninfected bystander cells may become targets recognized by NK cells. A more refined hypothesis hints that viral PAMP or 'infectionstress' intermediates may be sensed intracellularly to enable a cell-autonomous 'missing-self' mClr-b response in infected cells alone. This response may be opposed in uninfected 'bystander' cells by maintaining or even upregulating 'healthy-self' NK cell inhibition via mClr-b (e.g. via paracrine cytokines such as interferons). In fact, plasmid DNA transfection occasionally results in subtle mClr-b loss (on both transfected and untransfected cells), while soluble factors in CMV culture supernatants reproducibly result in mClr-b upregulation on uninfected (GFP -) cells (data not shown).
However, our cytosolic PRR agonists also failed to replicate MCMV-mediated mClr-b downregulation. Indeed, a combination of PRR agonists may be required to invoke mClr-b downregulation; for example, signal-1 associated with TLR ligation (e.g. via TLR3, 7, 8 and 9), followed by signal-2 associated with inflammasome activation (e.g. via Nlrp3 or AIM2) [35] . However, attempts to provide TLR stimulation in combination with cytosolic DNA agonists resulted in no alterations in mClr-b expression (data not shown). Alternatively, cytosolic DNA may be detected by one sensor, yet further processing or signaling intermediates may be generated by another cofactor, such as the synergy observed between cGAS and Ddx41 [32] [33] [34] . Nonetheless, transfection of cyclic-di-AMP or c-GAMP into NIH3T3 cells alone resulted in no changes in mClr-b expression (data not shown). Hence, our efforts to find a single PRR trigger have proven ineffective.
Another possibility is that signal initiation may occur in the nucleus. Intricate details of interplay during hostpathogen interactions continue to be discovered, such as recent findings using HCMV, whereby host IFI16 directly recognizes HCMV genomic DNA, yet HCMV circumvents viral detection via pUL83 [36] . It remains to be determined whether a nuclear sensor or repressor (host or viral) may be involved in the cessation of mClr-b expression, but estimates of surface mClr-b turnover put the half-life at ∼ 3 h, in line with the observed rapid CMVmediated mClr-b loss.
Perhaps not surprisingly, cellular responses to stimulation using PRR agonists also appeared to be cell-type specific. For example, responses of J774 macrophages and S17 stromal cells deviated from observations using NIH3T3 and primary fibroblast cell lines, in that mClr-b was found to be upregulated in response to many PRR agonists; however, some of these effects may be due to differential sensitivity to or production of type-I IFN (data not shown). Nonetheless, even when induced upon MCMV-GFP infection (e.g. J774 macrophages), mClr-b levels still remained lower on infected (GFP + ) versus uninfected (GFP -) cells. Of relevance, however, is that rodent Clr induction on hematopoietic cells during infection is reminiscent of observations regarding the closest human homolog, LLT-1 ( CLEC2D ; ligand for human inhibitory NKR-P1A/ KLRB1 ); LLT1 is induced at the cell surface upon activation of immune cells [15, 16, 37, 38] . This opposing regulation could be due to differential PRR expression, cell-type-specific ligand regulation in immune versus somatic cells or inherent differences between the mouse and human homologs. Further work is required to elucidate the in vivo significance of mClr-b and other Clec2d family members with respect to viral infections.
In contrast to other PRR agonists, ATP (and perhaps nigericin, in certain cells) appears to be uniquely capable of invoking mClr-b loss in the absence of other treatments. The significance of this remains unknown, although these compounds may induce signaling events that intersect with pathways that promote mClr-b downregulation, such as cellular transformation or stress responses [14] . Extracellular ATP and nigericin can induce inflammasome activation [35] ; however, all of the inflammasome-mutant MEF investigated (Asc -/-, Caspase-1 -/-, Nlrp3 -/-and Aim2 -/-) retained the ability to downregulate mClr-b in response to MCMV-GFP infection; therefore, further work is required to decipher the role of inflammasome activation and the specific role of the adenosine phosphates (ATP, ADP and AMP). An intriguing possibility is AMP kinase, which is regulated by all three forms.
The conserved mClr-b and rClr-11 downregulation observed in response to MCMV and RCMV infection of mouse and rat fibroblasts, along with the observation that cross-species infection and other virus infections promote the same phenotype, suggests that this phenomenon may be an innate host response to viral infection, in order to signal recognition by NK cells. Notably, the mClr-b (Clec2d) and rClr-11 (Clec2d11) gene products both contain discontinuous hammerhead ribozyme (HHR) motifs in their 3 ′ UTR [39, 40] capable of mediating posttranscriptional regulation of transcript size and abundance in cis, akin to micro-RNA (miR)-mediated regulation in trans. We and others [L. Horan, pers. commun.] have confirmed that the presence of the HHR motif does affect mRNA stability and abundance (data not shown); however, whether it provides a constitutive turnover mechanism (to enable rapid shutoff) or if it is differentially regulated under conditions of health versus stress has yet to be resolved. Of note, the human LLT1 (CLEC2D) gene product lacks the HHR motif; however, it is still subject to posttranscriptional regulation via alternative splicing [39, 41] (O.A.A., unpubl. results) .
Importantly, these studies also provide evidence that there is conservation of CMV strategies to subvert NK receptor-ligand interactions, since RCMV-E infection of mouse fibroblasts invokes downregulation of mClr-b, MHC-I molecules and Rae-1 isoforms. This implies that RCMV-E may encode immunoevasin genes that counterregulate, retain intracellularly or facilitate the degradation of Clr, MHC-I and NKG2D ligands, as shown for several MCMV and HCMV gene products. In addition, MCMV is capable of cross-species downregulation of rClr-11, and may encode a viral immunoevasin that functionally engages the mouse NKR-P1B inhibitory receptor akin to the RCMV-E RCTL gene product that engages rat NKR-P1A/B alleles [16, 25] . As MCMV infection stimulated the engagement of NKR-P1B-bearing BWZ reporter cells that was not blocked using mClr-b (4A6) mAb, this phenomenon appears to be mClr-b independent. It has been previously been shown that MCMV encodes gene products that target inhibitory receptors on NK cells by mimicking or stabilizing MHC-I expression (m157, m144 and m04) [18, 20, 42] . In light of our findings, MCMV may also target MHC-I-independent 'missingself' recognition. Mining the MCMV genome will undoubtedly reveal the nature of this mechanism, and this work is currently underway using mutant mice and MCMV strains. Further investigations into the expression and modulation of human NKR-P1A:LLT1 ( KLRB1:CLEC2D ) interactions by HCMV and poxviruses [15, 16, 37, 38] are also warranted. Together, these results further reveal the importance of the NKR-P1:Clr receptor-ligand system in innate self-nonself discrimination, particularly in the context of viral infection.
